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Offshore and other structures often rely on driven piles to carry lateral loads. However, there is
currently no established design method to cover lateral loading at chalk sites, which are
widespread across Northwest Europe. This paper reports monotonic and cyclic lateral load tests
on highly instrumented 508mm and 1220mm diameter. open steel piles driven at a well-
characterised chalk test site in Kent, UK, for a recent joint industry project that developed new
benchmark datasets and analyses, supported by high-quality testing. The ultimate lateral pres-
sures mobilised in the chalk are shown to be relatively low compared to its uniaxial compressive
strengths (UCS) due to pile-driving damage, natural fracturing, local yielding and brittleness.
Significant gaps opened between the piles and chalk during loading, that led to a substantially
softer response on unloading and subsequent reloading, as well as marked axial capacity losses.
Reaction curves extracted from the field measurements and applied in a one-dimensional numer-
ical model perform well in reproducing the monotonic lateral tests. As with piles driven in other
materials, one-way cyclic lateral loading led to permanent displacement accumulation and stiff-
ness changes that were linked to the cyclic loading parameters. Both effects were more marked
under biaxial cyclic lateral loading.
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INTRODUCTION
Many structures rely on large driven steel piles to resist cyclic
and monotonic axial, lateral and moment loading, including
offshore wind turbines (OWTs) that sustain critical wind and
wave forces. Design often considers lateral and moment load-
ing with ‘p–y’ (e.g. API, 2014) beam–column approaches,
where p is the soil reaction developed by a series of independ-
ent non-linear springs acting against the pile and y is the

associated lateral displacement. North Sea jacket structure
monitoring shows that the ‘standard’ API approach can
greatly over-predict field movements offshore; see, for exam-
ple, Jardine & Potts (1993) and Potts & Zdravković (2000).
Instrumented field testing for the pile soil analysis project
(PISA) (Byrne et al., 2017) confirmed that the approach is
also unsatisfactory for large-diameter monopiles in clays and
sands and led to an elaboration that captured additional con-
tributions due to distributed shaft shear tractions, base shear
tractions and base pressures. The PISA reaction curves were
derived from advanced three-dimensional (3D) non-linear
finite-element method (FEM) analyses (Taborda et al., 2020;
Zdravković et al., 2020) that captured soil behaviour accu-
rately over a wide range of strains.
In this paper, piles driven in low-to-medium density

chalk are considered; these are encountered widely across
Northwest Europe and under the North Sea and Baltic Sea
(Clayton Matthews & Heymann, 2003). No recognised
code is available, and there are only two isolated case stud-
ies, to guide lateral or moment loading design in chalk.
Lord & Davies (1979) describe an 800mm dia. tubular steel
pile driven to 4m at Brighton Marina and subjected to
rapid lateral loading. Ciavaglia et al. (2017) conducted
monotonic and cyclic lateral tests at the St. Nicholas-at-
Wade (SNW) test site on 762mm dia., open tubular piles
driven to approximately 4m and 10m. These piles included
substantial angular channels used to protect the pile’s
strain gauges in the direction of loading, which may have
influenced the resulting lateral load response.
The ALPACA (axial lateral pile analysis for chalk apply-

ing multi-scale field and laboratory testing) multi-stage
joint industry project (JIP) described by Jardine et al.
(2023) addressed the current lack of knowledge through
comprehensive monotonic and cyclic pile testing, aiming to
understand the underlying mechanisms and support the de-
velopment of new design procedures. Jardine et al. (2019)
and Vinck et al. (2022) summarise the SNW pile testing
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programmes supported by advanced site characterisation.
The linked ALPHA project (Pedone et al., 2023) applied
advanced 3D FEM analysis that, in a comparable way to
the PISA programme, informed the field test interpreta-
tion, offering representative numerical modelling routes for
practical design. Pedone et al. (2023) showed that the key to
capturing the field response is recognizing: (a) the brittle, aniso-
tropic and pressure-dependent behaviour of the chalk, as
explored by Vinck et al. (2022) and Liu et al. (2022a); (b) the
impact of driving-induced de-structuration to ‘putty’ and addi-
tional fracturing on stiffness and shear strength in relatively nar-
row annular regions around the pile shafts (see Buckley et al.
(2018)); and (c) the effects of natural micro- to meso-fracturing
on the stiffness of the surrounding undisturbed chalk.

High-quality, carefully instrumented field experiments in
well-characterised strata provide the only reliable means of
testing hypotheses of how loading style, combined with pile
geometry, installation and age, affect the lateral loading
response of open steel piles driven in chalk. This paper reports
the lateral loading behaviour of 17 open-ended strain-gauged
tubular steel piles, covering three lengths, two diameters and
a wide range of monotonic and cyclic (uniaxial and biaxial)
loading cases. The field work was fully successful; evaluation
and interpretation of the obtained benchmark dataset
allowed soil reaction models to be derived and provide evi-
dence for future monotonic and cyclic design framework vali-
dation. An outline of the testing arrangements is given first,
including the instrumentation and data acquisition and han-
dling arrangements. The experimental programme and main
results are set out, before describing how (a) soil reaction
curves were extracted directly from the field data and (b) the
cyclic test outcomes relate to the normalised loading parame-
ters. Discussion follows as to how the backbone monotonic
loading curves relate to cyclic tests and the chalk properties,
taking insights from the ALPHA project’s 3D FEM analyses
(Pedone et al., 2023).

TEST SITE
The SNW test site is located southwest of Margate, Kent,

UK, where largely unweathered, low-to medium-density
structured grade B3–A2 (Bowden et al., 2002) chalk is
encountered from the ground surface. Vinck et al. (2022)
describe the site characterisation including multiple piezocone
penetrations (CPTu) and seismic cone penetration test
(SCPT) soundings, Geobore-S boreholes, high-quality block
sampling and pressure-meter testing. The water table is
located at approximately 6m depth and CPT qt values fall
predominantly between 10 and 20 MPa over the pile lengths.
Over 80 locally instrumented triaxial stress path tests were
conducted under monotonic and cyclic conditions (Ahmadi-
Naghadeh et al., 2022; Liu et al., 2022b). The chalk is mark-
edly brittle when sheared from in situ stress conditions, giving
similar peak deviator stresses, qmax, in drained and undrained
triaxial compression tests between 1·9 and 3·3 MPa, with a
2·65 MPa mean. The in situ shear stiffnesses, Gvh, interpreted
from SCPTs, show a mean � 1·6 GPa over the depth range
of interest and a trend to increase with depth. However, the
maximum stiffness that could be mobilised in the SNW chalk
mass by foundation loading was found by Jardine et al.
(2023) and Pedone et al. (2023) to be several times lower than
implied by field geophysical profiling, or locally instrumented
laboratory tests. Matthews & Clayton (2004) attributed this
behaviour to the chalk’s systems of micro- to macro-fissuring.

PILE DETAILS
The piles were tested between July 2018 and November

2021. The pile layout and other details are summarised in
Fig. 1 and Table 1. Pile name and test number conventions
correspond with those presented in Jardine et al. (2023).
The geometries employed a range of diameters and wall
thicknesses including:

Fig. 1. Plan of pile installation layout for (a) Ø508mm L/D = 6 to 20 test piles and (b) Ø1.22m L/D = 6 test piles, with labels showing
test order (LS = lateral monotonic; L1W = lateral uniaxial one-way cyclic; AST = axial static tension post L1W; BLC = biaxial lateral
cyclic).
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(a) fourteen large-diameter (LD) 508mm dia. open-ended
tubular high-yield-strain (grade API 5L X80) steel
piles with length-to-diameter (L/D) ratios of 6 and 20,
and 20·6mm wall thicknesses (t) giving D/t = 24·7

(b) two reaction (R) and test pile (TP) open-ended tubular
piles with diameters of 1220mm and 1800mm (grades
S460 and S355, respectively) and L/D ratios of 6 and
10, respectively. These piles had 24·6mm and 25·0mm
thicknesses, giving D/t � 50.

The desired aim of delaying wall yielding before ground-
level lateral displacements vG ≥ D/10 was largely achieved,
although the longer ‘LD’ pile walls yielded shortly before
reaching this displacement limit. All piles were fitted with
strings of fibre Bragg grating (FBG) strain sensors in
epoxy-filled grooves along the pile length, in a similar way
to the PISA piles (Byrne et al., 2020a; McAdam et al.,
2020), which all survived driving to be fully operational
during testing. Sensors were positioned at 12 shaft levels
for the LD piles and up to 29 along the longer ‘R’ and ‘TP’
piles, as defined in Jardine et al. (2023). Pile LD14,

employed in the biaxial lateral cyclic (BLC) test, had four
strings equally spaced circumferentially and a temperature
sensor. Steady embedded pile temperature sensor measure-
ments during lateral testing meant that FBG strain meas-
urements did not require temperature correction during
testing, as with the PISA pile tests. Buckley et al. (2020)
and Jardine et al. (2023) describe the driving operations
and the resistances inferred from dynamic and FBG sen-
sors during driving and monotonic axial testing. As noted
by Ciavaglia et al. (2017) and Buckley et al. (2018), driving
causes extensive chalk damage around the open steel piles.
Annuli of very soft ‘putty’ chalk formed around the shafts
of piles (with diameters between 139 and 1220mm) driven
at SNW, with radial thickness similar to the piles’ walls. A
second annular region of damaged chalk was identified
beyond the putty zone in which the chalk showed substan-
tially increased fracturing, leading to notably lower stiff-
ness and operational shear strength (Pedone et al., 2023).
The fracture spacings reduced most significantly in a region
that extended out radially to approximately 7tw from the
shafts, with fracture spacings returning to their natural

Table 1. Test pile geometries for pile testing under lateral monotonic, lateral cyclic and post lateral cyclic axial loading. (LS, lateral
monotonic; L1W, lateral uniaxial one-way cyclic; AST, axial static tension post L1W; BLC, biaxial lateral cyclic). Age is defined as the
number of days from installation to test

Test
Date
tested

Age:
days Pile D: m L/D D/t

Ground:
mAOD h*: m Type Notes

15 11/8/18 262 LD06 vs
LD11

0·508 20 25 6·54/6·52 0·83/0·81 LS First-time lateral
monotonic

16 14/8/28 266 LD08 vs
LD10

0·508 20 25 6·53/6·53 0·86/0·87 L1W Lateral one-way cyclic

17 16/8/18 268 LD08 0·508 20 25 6·53 AST Test axial capacity post
L1W

18 20/8/18 272 LD08 vs
LD10

0·508 20 25 6·53/6·53 0·78/0·87 LS Test lateral capacity
post L1W

19 22/8/18 273 LD03 vs
LD04

0·508 20 25 6·52/6·62 0·82/0·81 L1W Lateral one-way cyclic

20 23/8/18 275 LD04 0·508 20 25 6·62 AST Test axial capacity post
L1W

21 05/9/18 287 LD03 vs
LD04

0·508 20 25 6·52/6·62 0·84/0·85 LS Test lateral capacity
post L1W

22 07/9/18 289 LD01 vs
LD09

0·508 20 25 6·92/6·64 0·95/0·94 L1W Lateral one-way cyclic

23 08/9/18 290 LD01 0·508 20 25 6·92 AST Test axial capacity post
L1W

24† 10/9/18 292 LD01 vs
LD09

0·508 20 25 6·92/6·64 1·00/0·96 LS Test lateral capacity
post L1W

26 12/9/18 295 LD12 vs
LD13

0·508 6 25 6·56/6·49 0·96/0·95 LS First-time lateral
monotonic

27 19/9/18 302 LD02 vs
LD05

0·508 20 25 6·54/6·54 0·96/0·97 L1W Ended early – load cell
failure

28 21/9/18 304 LD02 vs
LD05

0·508 20 25 6·54/6·54 0·97/0·98 LS Test lateral capacity
post L1W

29 24/9/18 307 LD07 0·508 20 25 6·56 0·92/0·95 BLC Practice biaxial lateral
cyclic

30 26/9/18 134 LD14 0·508 20 25 6·50 1·07/1·08 BLC Biaxial lateral cyclic
31 28/9/18 136 LD14 0·508 20 25 6·50 AST Test axial capacity post

BLC
32 02/10/18 140 LD14 0·508 20 25 6·50 1·05 LS Test LS capacity post

BLC
+3 18/11/21 406 TP2 vs

TP1
1·22/ 1·8 6 50/ 72 6·50/6·44 0·94/1·08 LS First-time lateral

monotonic
+4 25/11/21 415 R1 vs

TP1
1·22/ 1·8 6 50/ 72 6·48/6·44 0·98/1·05 L1W Lateral one-way cyclic

+5 26/11/21 416 R1 vs
TP1

1·22/ 1·8 6 50/ 72 6·48/6·44 0·98/1·05 LS Test lateral capacity
post L1W

*h is the loading height above ground level.
†Test 25 was part of the first-time axial test programme and was not subjected to lateral loading.
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intensity at radial distances of 12 ± 2t from the pile shafts.
While the putty chalk gained strength as the piles aged, the
fracture damage was permanent. Pedone et al. (2023)
showed that the radial ground displacements that develop
in response to lateral pile loading concentrate principally
within these two zones of ‘driving-damaged’ chalk.
Previtali et al. (2023) showed how large-displacement parti-
cle FEM (PFEM) analyses incorporating a ‘sensitive’ chalk
constitutive model calibrated to laboratory tests can cap-
ture some of the features observed during the installation
of the open ALPACA piles.

TESTING PROGRAMME AND PROCEDURES
Types

Monotonic lateral static (LS), one-way cyclic (L1W) and
BLC lateral tests were carried out. LS and L1W experi-
ments involved loading paired piles against each other
through bars tensioned by proportional–integral (PI) con-
trolled hydraulic actuators and with load cells connected to
each pile, as shown by the example LD pile illustration in
Fig. 2(a). Loading arrangements distributed the load over
the rear section of each pile. The lateral biaxial cyclic test
involved applying one-way cyclic loading along one axis,
while maintaining steady lateral loading on a perpendicular
axis, with each axis controlled by a separate PI control
loop: see Fig. 2(b). The lateral biaxial cyclic test provides a
benchmark dataset for calibration and validation of models

that aim to capture foundation response under the biaxial
loading conditions experienced commonly by OWTs; such
loading has been demonstrated to be strongly influential in
relation to the performance of piles driven in other geoma-
terials (Richards, 2019)
Most lateral tests followed an earlier axial test (see

Jardine et al. (2023) and Buckley et al. (2023)), in which
plastic straining and shear failure were concentrated in thin
interface annuli of ‘putty’ chalk. Numerical analyses by
Pedone et al. (2020) indicated that these prior axial loading
stages had little or no impact on the piles’ subsequent lat-
eral loading behaviour. The impact of axial loading is local-
ised within the pile–chalk interface and the adjacent de-
structured chalk, as noted also in later analyses by Wen
(2023) and Wen et al. (2023, 2024).

Programme
Table 1 lists the tests conducted after extended periods

of ageing in situ (see Jardine et al. (2023)), numbered in
chronological sequence, while Table 2 gives the minimum
and maximum loads, Hmin and Hmax, normalised cyclic
loads, Hmean/HD/10 and Hcyc/HD/10 (where HD/10 is taken
as the load achieved at vG = D/10), the cyclic loading
characteristics, ζb and ζ c, defined by LeBlanc et al.
(2010a) as

ζb ¼ Hmax

HD=10
¼ Hmean þHcyc

HD=10
(1a)

ζ c ¼
Hmin

Hmax
¼ Hmean �Hcyc

Hmean þHcyc
(1b)

as well as the number of cycles applied, N. All cyclic tests
involved an initial 1000–2000 load cycles (‘set 1’). In most
cases, where piles had accumulated little displacement over
set 1, additional ‘set 2’ cycles of higher amplitude were
applied. The bilateral (BLC) testing progressed similarly,
with the perpendicular static load being adjusted for each
load set (Table 3). Axial static tension tests (ASTs) were
carried out on three piles after lateral cycling; the final
stage of all lateral cyclic tests involved monotonic lateral
loading to failure.

Above-ground instrumentation
Two strain-gauged load cells and four potentiometer dis-

placement transducers (DTs) were employed (per pile) in
the LS and L1W tests, doubling these up for the BLC tests.
When feasible, DTs were mounted against both the active
(A) and passive (P) faces at both low (L) and high (H) posi-
tions to measure displacements relative to a reference
beam. When space constraints made active measurement
difficult, extra passive-face DTs were mounted at dupli-
cated L and H locations. Rotation was measured by
Geokon 6155 MEMS inclinometers, mounted on the pile
wall perpendicular to the loading direction. Additional
DTs were placed on the loading ram to aid test control.
The load cell and DT ranges were optimised for each test
and updated as required. Tarpaulin tented covers reduced
the influence of rain, wind and sunlight on the sensors and
reference beams; air temperatures were recorded close to
the instruments. Positional surveys were made of all the
above-ground instruments and loading pins with a total
station throughout testing.

Fig. 2. Test schematics of fully instrumented (a) LD lateral static
(LS) and cyclic (L1W) test and (b) Ø508mm biaxial lateral cyclic
(BLC) test plan view. Displacement transducer labels correspond to:
AH – active high; AL – active low; PH – passive high; PL – passive
low
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Procedures
The LS tests were controlled by a PI feedback loop from

a passive low (PL) side DT. They ran at a ground-level dis-
placement rate of approximately D/300min−1 until the tar-
get vG steps shown in Fig. 3(a) were achieved. Each step
included a maintained load stage over which displacements
were monitored. Loading resumed once the displacement
creep rate fell below 0·001% of D per minute, or the creep
stage duration exceeded 30min. The monotonic tests, whose
procedures were optimised as testing progressed, generally
allowed the vG = D/10 targets to be met within several hours.
These durations may be compared with broad estimates of
the dissipation times required for any pore pressures gener-
ated around the test piles by lateral loading. Applying a
broadly analogous plane-strip loading solution from
Schiffman et al. (1967) and the mean cvh = 7 � 104 m2/year
radial consolidation coefficient from piezocone dissipation
tests (Vinck et al., 2022) suggests t95 times the order of 5 and
30min for the 508mm and 1200mm dia. piles, respectively.
However, shorter times are likely to apply in the field, given
the additional fracturing caused to the chalk by pile driving,
leading Pedone et al. (2023) to consider the slow monotonic
tests as fully drained, as proposed earlier for larger founda-
tions by Lord et al. (2002).
The L/D = 6 by 508mm dia. piles (LD12 and LD13)

reached geotechnical failure at vG = D/10 before their
steel walls yielded. However, the most heavily loaded
sections of the longer LD, R and T piles yielded at axial
strains of 2613 με and 2050 με for their X80 and S460

steels, respectively (with yield bending moments of 2027 kNm
and 5700 kNm) before reaching vG = D/10. The piles were
unloaded at strains slightly below these limits (7%) before
imposing further loading loops. The LS test loading proce-
dures generally comprised:

(a) loop 1 – initial low-level monotonic loading to
between approximately 1·2 MN for the LD piles and
5·7 MN for the larger piles

(b) loop 2 – continuous reloading to the maximum loop 1
displacement, followed by unloading

(c) loop 3 – continuous loading to the maximum ram
stroke, followed by unloading

(d) loop 4 – continuous reloading to the maximum loop 3
displacement, followed by unloading.

Different procedures were adopted for tests 15 and 18 (only
loop 1) and loop 4 was not applied in test 28.
The L1W and BLC tests applied sinusoidal (in time) load-

ing cycles with constant load amplitudes (Hcyc) and mean
(Hmean) values. A cyclic frequency � 0·1 Hz (period 10 s)
was maintained in most tests (see Table 2). The cyclic tests
typically extended for 3 to 6 h, and sometimes longer. Excess
pore pressures are likely to have largely dissipated as the
tests progressed. Cyclic failure was pre-defined as the peak
vG displacements growing by more than 0·5mm over a single
cycle, or permanent vG displacements exceeding D/10.
However, no such cyclic failure occurred in any test.

Table 2. Lateral one-way cyclic tests on LD piles

Test Pile Set
HD/10:
kN

Hmin:
kN

Hmax:
kN

Hmean/
HD/10

Hcyc/
HD/10 ζb ζ c N

vG,max:
mm

vG,final:
mm

16 LD08 1 1465* 8 451 0·16 0·15 0·31 0·02 1500 8·42 −0·37
LD10 1 1465* 8 451 0·16 0·15 0·31 0·02 1500 11·16 3·11
LD08 2 1465* 30 1010 0·35 0·33 0·69 0·03 1000 34·54 0·38
LD10 2 1465* 30 1010 0·35 0·33 0·69 0·03 1000 42·02 11·51

19 LD04 1 1465* 8 758 0·26 0·26 0·52 0·01 2000 18·81 3·52
LD03 1 1465* 8 758 0·26 0·26 0·52 0·01 2000 25·62 8·11

22 LD01 1 1465* 457 767 0·42 0·11 0·52 0·60 1000 14·48 2·21
LD09 1 1465* 457 767 0·42 0·11 0·52 0·60 1000 19·15 2·34
LD01 2 1465* 262 1027 0·44 0·26 0·70 0·26 1000 32·60 6·58
LD09 2 1465* 262 1027 0·44 0·26 0·70 0·26 1000 44·45 11·06

27 LD05 1 1465* 565 1025 0·54 0·16 0·70 0·55 1000 30·30 2·68
LD02 1 1465* 565 1025 0·54 0·16 0·70 0·55 1000 36·50 3·46
LD05 2 1465* 8 1224 0·43 0·42 0·84 0·01 913† 56·90 14·19
LD02 2 1465* 8 1224 0·43 0·42 0·84 0·01 913† 59·12 11·24

+4 R1 1 7435 75 1867 0·13 0·12 0·25 0·04 1005 15·72 6·03
R1 2‡ 7435 75 4107 0·28 0·27 0·55 0·02 261 52·13 21·23
R1 3 7435 75 1867 0·13 0·12 0·25 0·04 256 45·77 23·00

*Load at vG =D/10 based on extrapolation of monotonic load behaviour in test 15 (see Fig. 4(a)).
†Load cell failure at approximately 885 cycles and test terminated at 913 cycles – no sign of pile failure.
‡Loading rate reduced from 0·1 Hz to�1/120 Hz at latter stages of load set.

Table 3. Lateral biaxial cyclic test results on LD piles

Test Pile
HD=10* :

kN
Hmin:
kN

Hmax:
kN

Hstat:
kN

Hmean/
Hyield

Hcyc/
HD=10

Hstat/
HD=10 ζb ζ c N

vG,max:
mm

cyc/stat

n = 500
vG acc,stat:

mm

30 LD14 1465 14 459 230 0·16 0·15 0·16 0·31 0·03 1000 4·1/4·1 7·44
LD14 1465 23 1071 536 0·37 0·36 0·37 0·73 0·02 1000 40·2/54·0 60·2

*Equivalent to averageHD/10 in test 15.
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Data acquisition
All load, displacement and inclination measurements

were logged with 16-bit resolution through proprietary
Tiab and Campbell data acquisition systems. A Campbell
system also acquired thermocouple data with 13-bit resolu-
tion. The FBG strains were interrogated with a Micron
Optics SM130. Time-source pulses and a network time pro-
tocol hosted in the Campbell logger enabled Tiab and
Micron Optics system synchronised data post-processing.

Data processing
The measured displacements and rotations were con-

verted to ground surface vG, and rotation, θG, measures
by applying a calibrated Timoshenko beam model of the
pile above ground, after Burd et al. (2020a). It was neces-
sary to smooth the inclinometer signals using a zero-phase
digital filter, which applies a Gaussian window (with 1·5 s
width) of 15 samples in both the forward and reverse fil-
tering directions. Any gauges that exceeded their working
limits were excluded or replaced. The pile bending
moments were calculated from the FBG strains, Dε; from
equation (1):

M ¼ DεEI
D

(1)

where E = 210 GPa for the steel; I is the pile’s second
moment of area; and D is the pile outer diameter.

INTERPRETATION AND RESULTS
Backbone load–displacement curves

To provide a clear comparison between tests, monotonic
loading ‘backbone’ curves were established for each test.
As described by Byrne et al. (2020a) piecewise cubic splines
were fitted to the highest displacement rate sections of the

load–displacement traces. The curves characterise the
response over the first loading cycle and any subsequent
loading stages that exceed the maximum previous load.
Where required, they also allow systematic extrapolation
of the loads expected at vG = D/10.
As noted earlier, pile displacements grow over time

during maintained load ‘creep’ stages. Such time-
dependent measurements can be interpreted to infer fami-
lies of load–displacement curves that display isotach,
rate-dependent, behaviour; see Pellew (2002) or Pellew &
Jardine (2008). The 10 s cyclic test periods imposed signif-
icantly higher loading rates than the slow monotonic
tests, and the chalk’s rate dependency led to most cyclic
backbone curves locating above the monotonic loading
relationships.

Virgin monotonic loading load–displacement curves
Virgin lateral monotonic ground-level load displace-

ment test data are shown in Figs 4(a) and 4(b) for pairs of
long (L/D = 20) and short (L/D = 6) LD piles, plus for the
short (L/D = 6) TP2 pile in Fig. 4(c) and in Table 4.
Steel yield occurred in the long LD tests before vG reached
D/10. Single piecewise cubic splines, fitted as shown in
Fig. 4(a), were used to extrapolate the backbone curves to
ultimate load estimates of HD/10 of 1392 kN and 1534 kN
for LD06 and LD11, respectively, typically 10 to 20%
above the maximum applied. The small final permanent
displacements (� D/100) reached after the LD06 and
LD11 tests’ markedly non-linear unloading stages indi-
cates that these piles behaved flexibly over their deeper
anchoring sections, rather than rotating as rigid bodies.
However, local failure in front of the piles was demon-
strated by the open ground-level cracks observed after
unloading, which correlated with the maximum ground-
level displacements developed under loading.
Figure 4(b) shows the response of the ‘short’ LD12 and

LD13 (L/D = 6) piles, which exhibited a more markedly plastic
and non-reversible load–displacement response. Geotechnical
failure, with vG = D/10, was reached at 1011 kN and 983 kN
for LD12 and LD13, respectively, well before steel yielding.
Near-rigid rotation was confirmed by analysis of the strain
gauge data, as outlined below. Relatively large displacements
were developed when even small reloading increments were
applied when vG > D/10, reflecting the brittle failure in the
chalk around the shaft, which penetrated to progressively
greater proportions of the pile length. Reloading to levels
exceeding those applied previously allowed the load–displace-
ment response to re-join and extend the virgin-loading back-
bone curve. The permanent ground-level displacements, vG,final,
of 90·7mm and 104·6mm, respectively (�D/5), developed after
final unloading were over 20 times those developed by the long
LD piles.
Figure 4(c) shows the response of TP2 (L/D = 6), which

exhibited a similar shape, but lower level of residual dis-
placement compared to the smaller diameter L/D = 6 LD
piles. Steel yield was anticipated to occur at approxi-
mately 5·7 MN for TP2, about 25% below the load meas-
ured at vG = D/10. The later stages of the post-cyclic
monotonic test on R1, which are also shown, appear
broadly compatible with the TP1 backbone curve.

Application of beam theory to deduce soil reactions, pile
moments and displacements
Profiles of distributed lateral load, bending moment and

displacement at peak load were interpreted from the em-
bedded Timoshenko beam differential equation, following
Byrne et al. (2020a). The piles were split into five segments

Fig. 3. Schematic illustrations of (a) monotonic load–displacement
curve and (b) one-way cyclic displacement and stiffness parameters
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below ground level. The bending moments from FBG
strains, measured loads, displacements and rotations pro-
vided the necessary objective parameters. Assuming the soil
reactions as continuous along the pile and varying linearly
within pile segments led to a set of linear equations from
which load and deformation distributions were obtained.

Considering the first loading set (in test 16) on a typical
L/D = 20 pile, LD10, shown later in Fig. 9(a), Fig. 5 shows
that peak bending moments (and their depths of occur-
rence) grew as the chalk to pile gap extended down the
shaft with cyclic loading. While the L/D = 20 piles
responded flexibly at depth, their anchor points gradually
migrated down the shaft as top-down local stress redistrib-
ution progressed with increasing N. In contrast, the cyclic
test on the larger diameter R1 (L/D = 6) pile demonstrated
behaviour closer to the rigid monotonic loading response
shown by the smaller diameter LD (L/D = 6) piles.
Significant residual displacements were observed over a
larger proportion of the embedded pile length, indicating
far greater mobilisation of the chalk strength.
The beam analysis also allowed local soil p(z) profiles

and p/D–v reaction curves to be deduced from the mono-
tonic and cyclic loading tests. No characteristic length was
applied to normalise the local lateral deflections, as this
choice led to the most successful subsequent back-
calculation of the pile responses observed at three scales.
Noting that the LD and R/TP piles had quite different
diameters D (0·508m and 1·22m) and less divergent wall
thicknesses t (20·6mm and 24·6mm), the narrow spread of
field p/D–v curves shown in Figs 6(b)–6(d) suggests that the
normalising characteristic length for the soil reaction dis-
placements cannot be, as in clays, simply the pile diameter
D. The characteristic length may be affected by the fracture
spacings in the chalk that result from the damaging process
of pile driving, with distributions that depend on the pile

Fig. 4. Load–displacement response for first-time lateral monotonic tests: (a) test 15 (L/D = 20); (b) test 26 (L/D = 6); and (c) test +3
(L/D = 6) and test +5 post-cyclic monotonic, with fitted backbone spline curves shown with dashed lines. A temporary period of logging
error for LD12 is indicated by dotted lines in (b)

Table 4. Summary of monotonic lateral test results

Test L/D Piles
HD/10:
kN

kinit:
kN/m

vG,final:
mm

15 20 LD06 1392 44753 4·7
20 LD11 1534 86168 4·8

18* 20 LD08 — 12517 4·2
20 LD10 — 15792 14·1

21* 20 LD03 — 38991 44·8
20 LD04 — 17444 37·5

24* 20 LD01 1677† 12029 52·3
20 LD09 1571† 51172 59.7

26 6 LD12 — 114 950 90.7
6 LD13 — 78166 104·6

28* 20 LD02 — 46497 63·2
20 LD05 — 27049 40.6

32* 20 LD14 — — 39.6
+3 6 TP2 7435 576 973 73·0
+5* 6 R1 7327† — 62·7

*Post-cyclic monotonic test.
†HD/10 response interpolated from post-cyclic monotonic backbone.
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wall thickness, t. Further testing or advanced numerical
modelling is required to determine robustly the most
appropriate normalising combination of D and t.

Consideration of the deformation measurements made
close to ground level, and the assumption of pile toe fixity,

allowed consistent depth-wise calculation of the monotonic
p/D–v reaction curves for L/D = 20 piles shown for LD11
in Fig. 6(b). Also shown are the equivalent curves calcu-
lated for the L/D = 6 piles, LD13 in Fig. 6(c) and TP2 in
Fig. 6(d). Greater scatter was observed for the latter piles,

Fig. 5. Profiles of (a) distributed lateral load, (b) bending moment, including bending moment data inferred directly from the fibre optic
strain gauges, and (c) lateral displacement, including displacement transducer measurement during the uni-directional lateral cyclic test on
LD10 (test 16)

Fig. 6. Soil reaction curves for normalised distributed lateral load: (a) non-dimensional form of PISA p–v curve and extracted from
(b) long LD pile LD11, (c) short LD pile LD13 and (d) short pile TP2 data
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whose displacement–depth profile is affected by uncer-
tainty over pile toe deformations, a difficulty that can be
overcome by deploying additional in-place inclinometers
(Byrne et al., 2020b). Also, the soil reactions could not be
determined reliably at depths greater than 1·5 to 2D, due to
the proximity of the piles’ points of rotation. Despite these
challenges, the paired tests on LD06 and LD13 led to simi-
lar p/D–v curves.
Simplified reaction curve-fitting analyses have also been

undertaken with equation (2), a generalised form of the
PISA p–v curve (Byrne et al., 2020b), as shown in Fig. 6(a),
where p ¼ p=D. The defining parameters are the limiting
distributed lateral load, pu, the initial stiffness kp, the ulti-
mate displacement vu and a curvature parameter, np.

�n
p
pu

� v
vu

� �2

þ 1� nð Þ p
pu

� vkp
pu

� �
p
pu

� 1
� �

¼ 0 (2)

A single, depth-independent reaction curve is fitted to the
interpreted reaction curve from the L/D = 20 pile LD11 in
Fig. 6(b), assuming pu/D = 2·5 MPa. Least-squares fitting
led to best-fitting kp = 386 MPa/m, vu = 0·0371m and curva-
ture, np = 0·705 values. This distributed lateral soil reaction
curve incorporates the influence of the additional soil reac-
tion components that could not be disaggregated from the
Timoshenko beam analysis. Application in 1D FE beam
modelling enabled back-calculation of the bending moments

and ground level load–displacement behaviour of the ‘virgin’
monotonic loading tests. As shown in Fig. 7, good fidelity
within experimental variability is observed for the backbone
curves of the LD L/D = 6 and 20 pile cases, the 1220mm
dia. TP2 pile and the 762mm dia. short (L/D = 5) pile at
the same site by Ciavaglia et al. (2017). It is observed
that the single ‘best-fit’ soil reaction produces an excellent fit
to the observed pile response, even if the local soil reaction
fits are less good. This well-conditioned aspect of the model
was identified in Burd et al. (2020b) and is attributed to the
integration of the model over the pile depth, where different
parts of the soil reaction curve are mobilised at different
depths, which appears to average out local variations in
model fit. Further development of the soil reaction curves
for full-scale application, at both small and large displace-
ment, would be likely to require a comprehensive set of nu-
merical analyses, following the PISA numerical calibration
methodology. It is likely to be beneficial for any such study
to explore the sensitivity of the predicted behaviour to the
adopted fitting parameters.
A key point to note from Fig. 6(b) is that the fitted ulti-

mate lateral resistance pu/D of 2·5 MPa does not vary with
depth. This resistance may appear surprisingly low in rela-
tion to the laboratory UCS and triaxial shear strengths of
intact SNW chalk. As noted earlier, Vinck et al. (2022)
indicated a mean equivalent Tresca shear strength su = 1·32

Fig. 7. Comparison of measured and 1D model calculations of monotonic tests: (a) test 15 (LD11 and LD06, Ø508mm, L/D = 20);
(b) test 26 (LD12 and LD13, Ø508mm, L/D = 6); (c) test +3 (TP2, Ø1220mm, L/D = 6); and (d) pile 3 (D = 0.762m, L/D = 5)
monotonic test from Ciavaglia et al. (2017). Note that LD12 data for vG >44mm in (b) are omitted due to a logging error
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MPa over the relevant depth range, which implies a con-
stant lateral bearing factor Nc � 1·9, which falls far below
those found analytically for undrained failure in ductile
clays. Their Nc values typically rise with relative depth
from �3 at ground level, where ‘wedge failures’ may apply,
to �10 at depths where ‘flow-around’ mechanisms domi-
nate (Murff & Hamilton, 1993). However, Pedone et al.
(2023) showed that the L/D = 6 LD piles’ load–displace-
ment response and ultimate lateral capacity profile may be
matched faithfully through effective stress-based 3D FE
analyses that account for the damage caused by pile driving
and the chalk’s brittle, anisotropic and pressure-level-
dependent mechanical behaviour.

It is also important to note that the piecewise polynomial
fitting of lateral reactions and displacements, given the field
test results described above, capture the influence of, but can-
not delineate, the contributions of other soil reaction compo-
nents, such as distributed moments, as recommended for
PISA-style analyses (Byrne et al., 2020a). However, these
components can be obtained from representative numerical
analyses in a similar manner to that described by Taborda
et al. (2020) and Zdravković et al. (2020). The systematic
approach set out by Pedone et al. (2023) provides the basis
for deriving PISA-style ‘four-component’ reaction curves.

Cyclic loading
The ten phases of L1W cyclic tests completed are sum-

marised in Table 2. For the LD piles the capacity HD/10 is
extrapolated as 1465 kN from monotonic lateral tests on
LD06/LD11 (test 15), while HD/10 is interpolated as 7435
kN for the larger diameter TP2 (test +3). Cycling was
applied to all the LD L/D = 20 piles and to one larger di-
ameter (L/D = 6) pile (R1). The cyclic loads were chosen to
avoid steel yielding, keeping Hmax/HD=10 < 0·7 and all
single-axis cyclic tests reached their programmed (1000 or
2000 cycle) durations without failure.

Figure 8 summarises the LD L1W cyclic loading conditions
in normalised interaction diagrams, which also specify normal-
ised, vG max, and accumulated, vG acc, maximum displacements
(defined in Fig. 3(b)) developed after 1000 cycles. The north-
side piles tend to develop slightly higher movements than those
to the south, reflecting local chalk variations. A general trend
exists, however, for maximum displacement to grow with ra-
dius from the origin, while being more strongly influenced by
cyclic load amplitude than the mean load.

Figure 9 presents typical load–displacement trends for var-
ied single-amplitude cyclic load sets, as defined in Table 5.
The first stage L1W cycling response of the L/D = 20 pile
LD10 (test 16) presented in Fig. 9(a) shows permanent dis-
placements, vG,acc, accumulating relatively slowly over 1000
cycles. Loading to the second, higher, level of cycling featured
a soft initial first cycle, as the gaps already present on the
active and passive sides of the pile opened up to widths that
were broadly compatible with the pile’s ground-level
displacements.

However, most cyclic load–displacement loops showed
maxima that plot significantly above the monotonic back-
bone curves of identical adjacent piles. This feature is inter-
preted as reflecting (a) the chalk’s compressibility and
undrained shear strength being time dependent and rising
by approximately 10% per log cycle of strain rate in labora-
tory tests (Vinck et al., 2022) and (b) potential effects of
partial drainage occurring around the pile shafts during
testing. Fig. 9(b) shows how this hypothesis was checked
by loading the pile LD02 approximately 80 times (or �1·9
log cycles) more slowly in test 27, taking 6·5min to reach
Hmin, rather than the 2·5 s required when cycling at 0·1 Hz.
This test’s first loading cycle follows, as expected from the

rate-dependent hypothesis, the monotonic backbone curve
from the adjacent (LD11) pile far more closely before accu-
mulating further displacements steadily as cycling contin-
ued. However, intrinsic chalk variability also led to cases
where the cyclic loading peaks fell below the monotonic
backbone curves, as shown for the L/D = 6 R1 pile in
Fig. 9(c). The measured ground displacement at the start
of the first cycle of each loading set, vG0, is shown in Fig.
9(d). It is evident that the extrapolated test 19 monotonic
behaviour, obtained from the mean of the first cycle
response of the two piles, would provide a good estimate
of vG0 for all tests.
Figure 10(a) illustrates schematically how gapping

under significant lateral load cycling creates additional
free pile length that reduces the soil reactions and pile
head stiffness. The gradual re-establishment of contact
during reloading leads to pile head stiffness increasing
during a loading cycle, leading to the stiffening cycle
shapes shown in Fig. 9 with peak, kpeak, and overall se-
cant, ksec, cyclic stiffnesses (defined in Fig. 3) generally
exceeding the initial, kinit, values.

Fig. 8. Cyclic loading interaction diagrams with maximum
ground-line displacement vGmax (% of diameter) and accumulated
ground-line displacement vG acc (% of diameter) at n = 1000
(a) north side (b) south side (*test equipment failure, data shown
from last cycle at n = 913)
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Table 5 lists the salient displacements and stiffnesses at
virgin loading, first cycle and at n = 500 cycles. The evo-
lution of stiffness in test 16 (on pile LD10), a typical two-
stage cyclic experiment, is illustrated in Fig. 10(b). The
kinit stiffness seen on virgin loading (n = 0) in set 1 was
114·8 MN/m, which fell to 54 MN/m after the first cycle
(n = 1) due to gap formation, before settling at a steady
� 25 MN/m for the next 1000 cycles, then reducing fur-
ther to � 12 MN/m in set 2. The ksec traces show a more
gradual and moderate reduction with cycle number. The
observed stiffness trends have important implications for
the piles’ in-service response to small load cycles, which
may affect the dynamic behaviour of the structure they
support.
The patterns of maximum cycle displacement, vG,max

(normalised by D/10), are illustrated for the pairs of piles
loaded in the LD cyclic test Fig. 11. In all cases the incre-
mental accumulated displacements appeared to reduce with
increasing numbers of cycles, and there were no instances

of catastrophic or ‘run-away’ behaviour. LeBlanc et al.
(2010a) proposed a power-law relationship to model accu-
mulated displacement (or rotation) observed for constant-
amplitude cycling in model pile tests:

vG;acc

vG;s
¼ vG Nð Þ � vG0

vG;s
¼ Tb ζbð ÞTc ζ cð ÞNα (3)

where vG;s is the ground level displacement that is pre-
dicted to occur in a static (monotonic) test to Hmax; vG0 is
the displacement at the start of cycling; α is a fitting
exponent, originally chosen as α ¼ 0:31; and Tb ζbð Þ and
Tc ζ cð Þ are dimensionless functions depending on the
cyclic load characteristic parameters, ζb and ζ c, respec-
tively. For rate-independent behaviour it would be
expected that vG;s and vG0 are equal. The former captures
the influence of the peak load of the cycling, while the
latter captures the influence of the asymmetry (or lack
thereof) of the cycling.

Fig. 9. (a) Load–displacement response on LD10 (test 16); (b) load–displacement response on LD02 (test 27-set 1); (c) load–displacement
response on R1 (test 4). The monotonic backbone curve (mono.) from first-time loading (see Fig. 4) is shown with dashed lines. Cycles 1,
10, 100 and 1000 are highlighted and labelled. (d) Normalised ground displacement at the start of each set of cycles
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The model calibration process is shown in Fig. 12. The
vG;acc observed at the peak of each cycle is normalised by
vG;s, hich was obtained from the extrapolated test 19

monotonic backbone curve shown in Fig. 9(d), as this seems
to give a reasonable prediction for all tests. The results are
plotted in Fig. 12(a) for ζ c � 0�06 (one-way tests) and Fig. 12
(b) ζ c > 0�06 (partial one-way tests), which are used to cali-
brate the Tb ζbð Þ and Tc ζ cð Þ functions, respectively. A value
of α ¼ 0�28 was found to best match the test data, which is
in close agreement with the original study by LeBlanc et al.
(2010a), as well as the interpretation by Beuckelaers (2017) of
the PISA cyclic tests at two different sites. This perhaps indi-
cates that pile ratcheting behaviour is reasonably consistent
for different sites and different pile geometries. An intercept
value, equivalent to the product Tb ζbð ÞTc ζ cð Þ, was fitted to
each test. By convention, for one-way tests Tc 0ð Þ ¼ 1, which
allows the Tb ζbð Þ values to be extracted from Fig. 12(a)
directly and plotted in Fig. 12(c). The following function was
then fitted to these data:

Tb ζbð Þ ¼ 0�27
ffiffiffiffiffi
ζb

p
(4)

This fits the majority of the data well, although the fit is
less good for tests +4-3 and 27-2, which were both preceded
by cycles with a particularly high peak load (i.e. these tests
were conducted from an initial overloaded state). LeBlanc
et al. (2010b) set out a process that can be used to account
for different amplitudes of cycling, by superimposing the
effects of each set of cycles.
Tc ζ cð Þ values were obtained by comparing the intercept

of each test with a corresponding one-way test with the
same ζb value. These are shown in Fig. 12(d), where the fol-
lowing function was chosen:

Tc ζ cð Þ ¼ 1� ζ c (5)

This agrees well with tests 22-1 and 22-2, but test 27-1 is an
outlier. This is probably due to a slower rate of initial load-
ing for this test, reducing vG;s, which is perhaps not cap-
tured as well in this simple model. When considering the
mean values from paired pile tests and when excluding
those pile tests that are outliers (test 27-1, test 27-2 and test
+4-3) the model predicts Tb and Tc with R2 values of 0·90
and 0·96, respectively.

Figure 10. Onset of gapping during lateral loading: (a) illustration
of development and influence of gap and (b) evolution of kinit and
ksec stiffnesses with cycle number for pile LD10 during test 16
where n = 0 values of kinit-set1 = 114·8 MN/m, ksec-set1 = 79·3
MN/m, kinit-set2 = 22·7 MN/m and ksec-set2 = 69·6MN/m

Table 5. Lateral one-way cyclic tests on LD piles

Test Pile Set

vG,max: mm vG,acc: mm kinit: MN/m ksec: MN/m
kpeak:
MN/m

n = 0 n = 500 n = 1 n = 500 n = 0 n = 500 n = 0 n = 500 n = 500

16 LD08 1 5·51 8·42 0·39 2·91 65·83 17·60 82·00 59·30 218·38
LD10 1 5·60 10·64 0·48 5·04 114·75 24·89 79·34 61·20 174·57
LD08 2 13·58 32·17 1·45 18·59 21·12‡ 10·62 78·43‡ 36·15 205·45
LD10 2 17·95 39·22 1·63 21·28 22·70‡ 12·42 69·60‡ 38·15 143·12

19 LD04 1 8·14 17·34 1·03 9·20 118·67 17·03 91·26 54·93 198·74
LD03 1 11·17 24·26 1·42 13·09 88·42 16·82 66·80 42·90 159·62

22 LD01 1 9·37 13·72 0·07 4·34 * 174·86 * 227·58 496·65
LD09 1 12·68 18·42 0·10 5·74 * 105·30 * 158·55 322·67
LD01 2 16·94 30·12 0·10 13·18 * 25·95 * 77·77 292·70
LD09 2 21·43 40·51 0·14 19·08 * 25·23 * 63·31 197·29

27 LD05 1 15·36 29·32 1·82 13·95 97·28 64·34 52·08 144·34 249·60
LD02 1 20·60 35·63 1·92 15·03 89·15 64·80 46·38 116·00 283·53
LD05 2 30·79 52·37 0·25 21·57 12·99‡ 9·27 42·70‡ 32·94 209·05
LD02 2 37·12 56·57 0·33 19·45 9·41‡ 8·18 34·19‡ 28·67 155·45

+4 R1 1 7·45 14·46 0·67 7·01 368·81 80·89 239·48 193·61 538·97
R1 2 23·94 42·31† 1·98 18·37† 41·03‡ 47·95† 208·96‡ 140·50† 479·14†
R1 3 44·68 45·39† 0·52 0·71† 19·65‡ 38·40† 75·05‡ 82·00† 163·24†

*Stiffness during cycling not available due to loading beginning fromHmax.
†Data for n = 100 cycles, as fewer than n = 500 cycles completed.
‡Loading following a lower prior cycling package.
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Fig. 11. Measured permanent accumulated cyclic displacement normalised by D and results from the modelling using equations (3)–(5) for:
(a) test 16; (b) test 22; (c) test 19; (d) test 27; and (e) test +4
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Fig. 12. (a), (b) Permanent accumulated cyclic displacement normalised by predicted static (mono.) displacement at Hmax (in black). The
fitting of equation (3) to each test is shown in grey. (c) Fitted Tb ζbð Þ function and (d) fitted Tc ζcð Þ function
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The permanent accumulated cyclic displacement, vG;acc,
modelled using equations (3)–(5) is compared to the meas-
ured values in Fig. 11. The model captures most aspects of
the field accumulation trends well, and generally predicts
values within the bounds of the north and south test piles.
However, the model performs less well for test 27, probably
due to its slower initial loading rate.

Biaxial loading
Offshore piles often sustain biaxial cyclic loading when,

for example, wind and wave directions differ. Fig. 13(a)
shows the lateral biaxial loading scheme applied to pile
LD14 to investigate the impact of conditions, such as a rel-
atively steady fore–aft wind thrust acting in combination
with periodic side–side wave excitation. Cyclic loading was
applied while a perpendicular static load, Hstat was held
steady in the other horizontal direction. Also shown are the
resulting ground-level displacements generated in the static

and cyclic loading directions. The pile tended to move pre-
dominantly in the resultant load direction, which in this
case was biased towards the static loading axis. Lateral
biaxial cycling led to more significant displacement accu-
mulation (or ratcheting) than uniaxial, with vG exceeding
D/10 = 50·8mm within 100 cycles on both axes.
Displacement and gap growth was most marked over mini-
mum loading stages of each cycle.

Post-cyclic monotonic axial tension tests
Gapping during cyclic lateral loading appears far more

pronounced in the brittle chalk than in sands and clays
(e.g. McAdam et al., 2020). The damaging impact of cycling
also appears to penetrate below the gaps and affect the lower
pile sections that provide most axial shaft capacity.
Monotonic ASTs (performed in the same way as the main
axial loading programme) on piles LD01, LD04 and LD08,
after completing all their lateral cycling, showed average
shaft capacity losses of 56% compared to AST tests con-
ducted on equivalent ‘virgin’ piles at the same ages (Jardine
et al., 2023).

Post-cyclic monotonic loading
Monotonic lateral loading checks were conducted as

the final testing stage following the cyclic loading, dis-
placing the piles at a nominal D/300min−1 until their
expected steel yield points were reached. With the
exception of test 28, which had a single reloading loop, the
post-cyclic monotonic tests involved three additional unload/
reload loops employing the same displacement rate. The ‘post
uni-directional cycling’ responses of LD01 and LD09 are
illustrated in Fig. 14, which includes the backbone curve
from the ‘virgin monotonic test’ on LD11. The large
gaps formed during cyclic loading could only be closed
after imposing displacements large enough to re-
establish full contact between the chalk and the steel
shaft. However, the cycling and gapping did not degrade
the ultimate (vG = D/10) monotonic lateral capacity or
eventual load–displacement response, as noted in similar
tests in clay and sand (Byrne et al., 2020a; McAdam
et al., 2020). Table 4 summarises the final test’s initial

Fig. 13. Biaxial lateral cyclic test on LD14 (test 30): (a)
illustration of load path and (b) plot of bi-directional lateral
loading displacement response during test 30 on LD14 (layout
shown in Fig. 2)

Fig. 14. Load–displacement behaviour for post uni-directional
cyclic monotonic lateral test 24, with backbone curve from virgin
monotonic test on LD11
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stiffnesses and their permanent ground-level displace-
ments after ultimate unloading. In all cases, the piles’ ini-
tial load–displacement behaviour was significantly softer
than under virgin monotonic loading, due principally to
the cyclic gapping. The pile that experienced cyclic fail-
ure under lateral biaxial cyclic loading required the larg-
est ground-level displacement of vG = D/4 before
re-establishing full contact.

CONCLUSIONS
This paper reports suites of monotonic and cyclic lateral

load tests on highly instrumented 508mm and 1220mm
dia. piles with L/D ratios between 6 and 20, driven at a
well-characterised, low- to medium-density chalk site. The
primary conclusions are listed below.

(a) The piles’ lateral responses depended critically on
their slenderness ratios. The L/D = 20 piles flexed
during monotonic lateral loading and steel yielding
occurred, even with relatively thick-walled piles,
before ground-level displacements reached D/10.
While local failure and cracking developed around
the upper pile section, the displacements were
largely recovered on unloading and the deeper pile
sections indicated little evidence of permanent
deformation.

(b) In contrast, L/D = 6 piles showed a softer
monotonic load–displacement response, and much
higher permanent displacements on unloading, as
the piles underwent near-rigid body rotations and
ultimate failure developed along most of the pile
length. The L/D = 6 piles reached vG = D/10 at
approximately 30% lower head loads than those
with L/D = 20.

(c) Lateral, p/D–v, reaction curves extracted from the field
measurements and applied in 1D FE modelling
reproduce well the monotonic response measured during
tests on three pile diameters and length-to-diameter
ratios at SNW. For full-scale application, the fitting of
the soil reaction parameters would benefit from a PISA
style calibration study given site-specific numerical
analyses, with a numerical approach such as that set out
by Pedone et al. (2023).

(d ) Applying up to 2000 lateral one-way (uniaxial) load
cycles to paired L/D = 20 piles led to accumulated
displacements in the direction of loading. Calibrating
the LeBlanc et al. (2010a) simplified cyclic
accumulation model to these observations led
to parameters comparable with established
results in other materials and at different scales.
This model reproduced the field trends well and,
excluding one test, predicted values within
the bounds of each test pile pair. The accumulated
displacements were largely recovered on unloading.
However, all piles developed clear gaps over their
active and passive faces in line with the pile
displacements that affected the piles’ axial capacities
negatively.

(e) Lateral biaxial cyclic loading deflected the piles in the
direction of the resultant (monotonic) load and led to
markedly larger cyclic and permanent displacements
than equivalent one-way cycling.

( f ) Soft post-cyclic monotonic behaviour persisted on
monotonic reloading until the leading pile-to-chalk
gap closed. High-amplitude lateral cycling also greatly
reduced axial shaft capacities. Both features have

significant implications when large-amplitude lateral
cycles are expected at sites where chalk is encountered
from the ground surface.

(g) The chalk’s development of notably low pult/D values
in comparison with laboratory test shear strengths is
interpreted as being due to its highly brittle and
pressure-dependent behaviour, as well as damage
caused by pile driving. These features were examined
in advanced numerical analyses performed under the
parallel ALPHA research project, which offered a
route for developing PISA-style design analyses for
piles driven in similar chalks.

The experiment’s reported and interpreted soil reaction curves
represent a benchmark dataset for the calibration and valida-
tion of alternative numerical models and design approaches.
New tests in different chalk grades and with varying pile geo-
metries, under monotonic and cyclic loading conditions, will
help extend the dataset and improve the scope for undertak-
ing representative calibration and validation exercises.

ACKNOWLEDGEMENTS
The authors gratefully acknowledge support from the

Engineering and Physical Science Research Council
(EPSRC) grant EP/P033091/1, Royal Society Newton
Advanced Fellowship NA160438 and Supergen ORE Hub
2018 (EPSRC EP/S000747/1). B. W. Byrne is supported by
the Royal Academy of Engineering under the Research
Chairs and Senior Research Fellowships scheme, while K.
Vinck was supported by EPSRC grant EP/L016826/1,
DEME and Imperial College. The provision of additional
financial and technical support by the following project
partners is also acknowledged gratefully: Atkins, Cathies,
Equinor, Fugro, GCG, LEMS, Ørsted, Parkwind, RWE,
Siemens-Gamesa, Scottish Power Renewables and
Vattenfall. The authors also wish to acknowledge: Socotec
UK Ltd as their main contractor for the field-testing
programme and Marmota Engineering AG as the fibre-
optic strain gauge specialists; Cambridge in situ for the
pressuremeter tests; and Lankelma UK and Fugro Geo-
services for in situ testing and rotary boreholes.

NOTATION
A accumulated deformation pre-factor
b accumulated deformation exponent
D pile outer diameter
E Young’s modulus

Gvh vertical component of shear modulus
H lateral load

Hcyc cycle lateral load amplitude
HD/10 lateral load at vG = D/10
H�D=10 spline interpreted lateral load at vG = D/10
Hmax maximum cycle lateral load
Hmean mean cycle lateral load
Hmin minimum cycle lateral load

I second moment of area
kinit cycle initial stiffness
kp soil reaction curve initial subgrade modulus

kpeak cycle peak stiffness
ksec cycle secant stiffness
L pile length
M internal bending moment
N cycle number
np soil reaction curve curvature parameter
p distributed lateral soil reaction
pu ultimate lateral soil reaction

qmax maximum deviatoric stress
qt corrected cone penetrometer tip pressure
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T dimensionless cyclic load functions
t pile wall thickness
v lateral displacement

vG lateral displacement at ground level
vG,acc accumulated lateral displacement at ground level
vG,final final lateral displacement at ground level
vG,max peak lateral displacement at ground level

vG,s ground level displacement predicted to occur on
monotonic loading to Hmax

vG,0 displacement at start of cycling
vu soil reaction curve ultimate displacement
z depth below ground level
α cyclic accumulation exponent
ε strain
ζ cyclic loading characteristic
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